Mammalian Group IIA phospholipases A 2 (PLA 2 ) potently kill Staphylococcus aureus.
INTRODUCTION
A wide variety of mammalian peptides and polypeptides has been described that can kill staphylococi and many other Gram positive bacteria. Of these, possibly the most potent is the 14 kDa secretory group IIA phospholipase A 2 (PLA 2 ) 1 (1) . Levels of this enzyme, sufficient for significant antibacterial action, are found at variety of sites including tears, seminal and many inflammatory fluids, as well as within granules of certain leukocytes and platelets (2-7). The
Group IIA PLA 2 can act independently and also in concert with other host defense systems (1) . It has been shown that the bactericidal activity of inflammatory fluids against S. aureus is due mostly to mobilized Group IIA PLA 2 (5, 8) and that killing of encapsulated S. aureus by whole rabbit peritoneal inflammatory exudates is also dependent on PLA 2 2 . In addition, transgenic mice with overexpressed PLA 2 showed much greater resistance to S. aureus than their non-transgenic littermates, implying a protective role of Group IIA PLA 2 against S. aureus infections in vivo (9,10).
The ability of Group IIA PLA 2 to attack S. aureus and other Gram positive bacteria reflects the ability of the enzyme to bind to and penetrate the cell wall to gain access to phospholipids (PL) in the cell membrane. At least four steps are involved: binding of the enzyme to the bacterial cell surface, penetration of the enzyme through peptidoglycan layers, degradation of PL in the cell membrane and activation of bacterial autolysins (11). The phospholipolytic activity of PLA 2 and, hence, ultimate bacterial killing requires calcium as a co-factor, but initial PLA 2 binding to the cell surface does not 3 (8) .
Initial binding of PLA 2 to the cell surface of S. aureus involves electrostatic interactions molecular weight (~14 kDa) PLA 2 that have been characterized to date, the mammalian Group IIA PLA 2 are unique in their very high net positive charge ranging from +12 to +17. This very high net basicity is essential for the enzyme's potent bactericidal activity toward Gram positive bacteria, principally by promoting initial interactions and penetration of the cell wall 3 (12-14) . In contrast, highly cationic properties of PLA 2 are not essential for calcium dependent catalytic activity (12) nor for the ability of structurally related 14 kDa PLA 2 to degrade PL in cell wall depleted bacterial protoplasts 3 (15, 16) . Specific bacterial binding sites of PLA 2 are not known, but probably involve cell envelope anionic moieties. Major cell envelope-associated polyanions in S. aureus include the cell wall lipoteichoic and teichoic acids (LTA and TA; 17), and cell membrane PL (phosphatidylglycerol, PG and cardiolipin, CL; 17). The net charge on these molecules may be regulated by substitution of repeating glycerol (alditol)-phosphate moieties with D-alanine in LTA and TA (18, 19) or with L-lysine in PG (20) . These substitutions depend on the dlt operon and mprF gene, respectively (19) (20) (21) . The susceptibility of S. aureus to many small cationic antibacterial compounds is similarly increased in dltA -or mprF -mutants indicating that both cell wall and cell membrane polyanions are important determinants of bacterial sensitivity to these antibacterial compounds (19, 20) . Because the cationic properties of PLA 2 seem important in this enzyme's interactions with the bacterial cell wall but not the cell membrane, we hypothesized that D-alanylation of cell wall LTA and TA would have a greater effect on bacterial susceptibility to PLA 2 than mprF-dependent modification of cell membrane PG. The results presented confirm this scenario. We have made use of site specific mutagenesis of the human Group IIA PLA 2 to further demonstrate that the higher susceptibility of the dltA -strain does not depend on either the net charge of the PLA 2 )-Magainin II amide and HBD-3 ( Figure 1 G, H). In contrast, disruption of the dltA locus increases bacterial sensitivity to Group IIA PLA 2 nearly 100 fold whereas disruption of the mprF locus has much less effect (only ~3x; Figure , was much greater in the mutant strain ( Figure 8A ) demonstrating directly the greater activity of PLA 2 bound to dltA -bacteria. PLA 2 binding to the mutant strain was much greater when binding was measured in the presence of the envelope associated Ca 2+ ( Figure 7B , C) but without appreciably increasing antibacterial activity ( Figure   8A ) indicating that, under these conditions, increased binding did not significantly affect PLA 2 activity. In model membranes such as PL vesicles, the generation in situ of PL breakdown products can increase the avidity of PLA 2 -membrane interactions (37). Therefore, the increased binding of PLA 2 to the mutant strain we observed when calcium was present, might simply reflect differences induced, directly or indirectly, by greater membrane damage within the envelope of the dltA -bacteria. In support of this view are findings presented in Figure 7C showing that increased (Ca These could include changes in packing of LTA and TA chains, binding of cationic autolysins and/or levels of cell wall-bound Ca 2+ (see Figure 9 and legend).
We believe that our studies add significant new insight concerning the mechanism of Whatever the mechanism of greater PLA 2 activity against dltA -S. aureus, it is apparent that this modification could play a substantial role in regulation of bacterial sensitivity to this potent host defense protein (41). Effects of dltA-dependent cell wall modifications are not limited to modulating bacterial sensitivity to antimicrobial peptides and polypeptides. Biofilm formation, adhesion, acid sensitivity, protein folding and autolytic activity are also affected (42-48), implying pleitropic effects of this single cell wall modification on cell envelope structure and function. Of particular interest is recent evidence of an apparent novel two-component system involved in regulation of the dlt operon (49, 50) . This finding strongly suggests that alanylation may be a regulated modification of the cell wall LTA and TA. If so, it is tempting to speculate that environmental cations, including host defense cationic peptides and polypeptides, could serve as environmental cues to regulate these cell wall modifications and thereby enhance bacterial resistance and persistence in potentially adverse environments such as the host. 
